Background: Although fertility drugs stimulate ovulation and raise estradiol levels, their effect on breast cancer risk remains unresolved.
Introduction
Although there has been extensive debate about the effects of fertility drugs on ovarian cancer risk, less attention has focused on relationships with breast cancer. The concern surrounding ovarian cancer has centered around the incessant ovulation hypothesis (1) , given the effectiveness of fertility drugs at stimulating ovulation. Although also relevant for breast cancer (2) , further concerns are raised by the fact that these drugs increase estradiol levels (3), another mechanism by which risk could be enhanced (4) .
Despite the biologic plausibility, results of epidemiologic studies of fertility drugs and breast cancer present a mixed picture, with some showing increases in risk (5) (6) (7) (8) , others showing decreases (9, 10) and still others showing no substantial associations (11) (12) (13) (14) (15) (16) (17) (18) . Some of the conflicting results may be because of limited power, or to imprecise information on drug usage, particularly in case-control studies where exposures are self-reported. Some investigations have combined all drugs, despite seemingly different biologic effects. For example, it has been suggested that clomiphene citrate, a selective estrogen receptor modulator chemically similar to tamoxifen, may lead to risk reductions (9) . Many studies have also been limited by an inability to control for breast cancer risk factors that are highly correlated with drug exposures, such as reproductive status, causes of infertility, and personal and family disease histories.
We assembled a large cohort of infertile women with detailed information on causes of infertility, fertility drugs, and potential breast cancer risk factors. In a previous follow-up involving a median of 18.8 years of follow-up (11), we found no substantial associations of either clomiphene or gonadotropins on risk, but were hampered in assessing detailed relationships by the relatively young age of the women and limited numbers of breast cancers (n ¼ 292). We have updated the followup to further clarify these relationships.
Materials and Methods

Study subject eligibility
Study subjects were women who had sought infertility advice between 1965 and 1988 at 5 reproductive endocrinology practices in Boston, MA; Chicago, IL; Detroit, MI; Palo Alto, CA; and New York City, NY. These practices were chosen because they retained all records and had evaluated large numbers of infertility patients, many of whom received high doses of ovulation-stimulating drugs. This study was approved by institutional review boards at the National Cancer Institute and the participating institutions.
Patients were eligible for study if they had a U.S. address at first evaluation and were seen more than once or had been referred by another physician who provided relevant medical information. Patients with either primary or secondary infertility were eligible, but those evaluated for reversal of a tubal ligation were not. A total of 12,193 patients met eligibility criteria.
Trained personnel abstracted data about the infertility workup (all procedures and tests), medications prescribed, menstrual and reproductive histories, and other factors that might affect health (e.g., weight). Information on the clinical workup was used to define causes of infertility, as previously described (19) .
Follow-up of patients
An initial attempt at follow-up was pursued during 1998 to 2001 (11) . Because of the relatively young age of the patients at that time, a second follow-up attempt was initiated in 2010. Follow-up procedures included searches for deaths and updated addresses through several publically available and proprietary databases (Social Security Administration Death Master File, SSA DMF; MaxCOA, a change of address service; LexisNexis, a legal database service; U.S. Postal Service National Change of Address); and the Center for Disease Control National Death Index. Attempts were made to mail a short questionnaire to located subjects who did not expressly indicate that they wanted no further follow-up. This questionnaire focused on the development of cancers and cancer risk factors that might have changed over time (e.g., reproductive and menopause status).
In addition to information on cancers identified through death records and completed questionnaires, we completed linkages against cancer registries in the 14 states in which the majority of patients resided (Arizona, California, Connecticut, Florida, Illinois, Indiana, Massachusetts, Michigan, New Hampshire, New Jersey, New York, Ohio, Pennsylvania, and Texas). For the 12.4% of patients who resided outside of these states, outcome information was dependent on completed questionnaires, with attempts to validate any self-reports of cancers by requesting records from the patients' treating physicians. Another SSA DMF search was completed at the end of the study in 2010 to identify new deaths.
The flow chart for inclusion and exclusion of study subjects is shown in Figure 1 . After excluding the 1,319 patients who requested no additional follow-up, 8 who were enrolled twice, 6 found to be <18 years of age, 1 who requested removal from the study, and 1 with a missing date of birth, we were able to obtain information related to death, development of cancer, or date last known alive and free of cancer for 10,018 patients-or all but 840 subjects (7.7%) of the remaining 10,858 study subjects. Information on last known vital status and the development of incident cancers through 2010 was available from completed questionnaires or cancer registry linkages for 9,404 patients, from earlier follow-up efforts for 469 patients, and from information available one or more years after first infertility evaluation in their original clinic records for 145 patients. A total of 749 breast cancers were identified: 607 had documented information in cancer registry records, 61 were verified through medical records, 28 were identified from death certificates or NDI Plus, and 53 comprised self-reports from completed questionnaires.
Analytic approaches
Person-years were accrued beginning 1 year after the date of first infertility evaluation at study clinics and continued through the earliest date of any cancer occurrence, death, date last known alive, and free of cancer, or, if vital status depended on cancer registry linkage, a variable ending date, depending on when each registry had complete information (range of 2008-2010). We excluded from analysis 15 patients with missing information on a cancer diagnosis date and 111 with less than 1 year of follow-up (11 of whom had a diagnosis of breast cancer), leaving 9,892 analytic study subjects and 285,332 person-years of follow-up.
Information on clomiphene and gonadotropins that was abstracted from medical records included age at first use, treatment cycles, and total cumulative dosage. Race, gravidity, and/or parity at study entry, causes of infertility and body mass at study entry were also defined through clinic records. Other potential confounding factors were obtained through questionnaire data, supplemented, as appropriate, by information in clinic records. The 1998 to 2001 questionnaire obtained extensive information on menstrual and reproductive history, use of exogenous hormones, anthropometric factors, cigarette smoking, alcohol consumption, and screening for breast and ovarian diseases. The 2010 questionnaire obtained updated information on reproductive history, body size, gynecologic operations, use of menopausal hormones, and mammographic screening history. Questionnaires were obtained from 6,756 patients (68.3% of the analysis subjects), 5,511 completed the 1998 to 2001 questionnaire, and 4,824 the 2010 questionnaire (3,579 completed both). From these questionnaires, 543 women with a first cancer of breast cancer were identified.
Statistical analyses
HRs and 95% confidence intervals (CI) for breast cancer associated with fertility treatments, with adjustment for study site, calendar year of first infertility evaluation, and gravidity at first clinic visit, were obtained using Cox proportional hazards regression with age as the time metric. We considered the impact on risk of a variety of additional potential confounding factors, including race, age at first birth, age at menarche, family history of breast cancer, BMI at first clinic visit, and various causes of infertility; however, these had minimal effects on drug relationships and we thus chose to present risks based on a parsimonious model. Missing information was assigned a separate level for each exposure and included in the models. Tests for linear trends across cycle and dose categories were calculated using an ordinal variable. We also tested the assumption of proportional hazards for fertility treatments using the Wald test of interaction with the time-scale (continuous).
Results
After exclusion of the 16 ineligible subjects, a comparison of demographic information for the 9,892 patients who were traced for cancer outcomes versus the 2,285 for whom follow-up information was not available showed larger proportions of exclusions from analysis for subjects from the New York and Boston practices (primarily because of the incompleteness of social security numbers for these patients, which hindered location efforts) and for those with missing information on race (Table 1) . Less substantial differences in exclusion rates were seen according to calendar year and age at first clinic visit.
Among the analytic cohort of 9,892 women, the mean age at first evaluation for infertility was 30.1 years. During a median of 30.0 years of follow-up, 749 breast cancers were identified among study participants, with a mean age at diagnosis of 52.7 years.
The identified risk factors for breast cancer generally mirrored those found in other populations of young women, including somewhat higher risks associated with being nulligravid at either the first clinic visit or at follow-up, late ages at first birth and having a mother or sister with breast cancer, and somewhat lower risks with late ages at menarche and being heavy ( Table 2) . Other factors, including use of exogenous hormones (either oral contraceptives or menopausal hormones), cigarette smoking, alcohol consumption, and mammographic screening history, were not substantially or significantly related to risk (data not shown). In this cohort of infertile women, endometriosis and anovulation were the infertility causes most strongly related to risk, although neither was a significant predictor.
A total of 38.1% of the patients had been exposed to clomiphene and 9.6% to gonadotropins. After adjustment for study site and calendar year and gravidity at first clinic visit, ever use of clomiphene was unrelated to risk as compared with nonuse of either clomiphene or gonadotropins (HR ¼ 1.05; 95% CI, 0.90-1.22; Table 3 ). There was some evidence of increasing risk with increasing cycles of Brinton et al.
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Cancer Epidemiology, Biomarkers & Preventionclomiphene, with the risk rising to 1.37 (0.97-1.92) for those who received 12 cycles. This did not seem to reflect longer follow-up times among those with multiple cycles, given that we found no relationship of follow-up interval to risk when examined as a time-varying covariate. Slightly elevated, although nonsignificant, risks were also seen for women who received the highest cumulative dosages (2,251 mg; HR ¼ 1.20; 95% CI, 0.97-1.48). When we assessed risks among women who had both a high cumulative dose 2251 mg and 6 cycles, the risk was statistically significantly elevated (HR ¼ 1.27; 95% CI, 1.02-1.59, 96 exposed cases). We also saw some risk elevation among women whose first use of clomiphene occurred at 35 years or older (HR ¼ 1.31; 95% CI, 1.00-1.73). Ever use of gonadotropins was not significantly associated with breast cancer risk (HR ¼ 1.14; 95% CI, 0.89-1.44). Furthermore, there were no trends according to dosage, number of cycles, or age at first use. Analyses considering whether women only received clomiphene or gonadotropins as opposed to both drugs sequentially revealed that the majority of women (81.5%) prescribed gonadotropins had also received clomiphene initially. Risks for use of either drug alone were similar to those identified when there was not consideration of joint exposure. Furthermore, those using both drugs sequentially were not at further elevated risk.
To separately assess risks for the invasive versus in situ cancers, we focused on the 696 of the 749 breast cancer (92.9%) for whom it was possible to obtain medical validation through cancer registry or medical records. When analyses were restricted to these validated cancers (Table  4) , an increased risk emerged for women exposed to 12 Risks are relative to women with no evidence of the condition, taking into account the adequacy of the evaluation. Conditions are not mutually exclusive, that is, women could be classified as having more than one cause of infertility.
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We assessed whether the associations of fertility drugs with breast cancer risk were modified by risk predictors and causes of infertility (Table 5) . Although no significant effect modifications were observed, slightly higher risks associated with gonadotropin use was seen among women nulligravid at either first clinic visit or follow-up. The risk among nulligravid women at follow-up was associated with a statistically significant risk for validated invasive breast cancers (HR ¼ 1.98; 95% CI, 1.04-3.60; data not shown). Risks for clomiphene use were similar for nulligravid and gravid women.
Discussion
This study offered an opportunity, within a large cohort of patients with well-documented causes of infertility, to evaluate relationships between fertility drug usage and breast cancer risk, with many of these patients having received extensive exposures. Similar to our previous analysis, the results were generally reassuring, although we did detect some increases among . Of these studies, one observed no association between fertility drugs and breast cancer risk (18) , whereas the others (6) (7) (8) showed some evidence of elevated risks, although restricted in several of the studies to either women exposed at young ages (8) or to those who received progesterone supplementation (6) .
With 749 breast cancer cases and 30.0 median years of follow-up, our study had considerably more power than previous studies to evaluate relationships. Overall, clomiphene use, our most extensively used drug, was not associated with risk; however, we observed nonsignificant risk increases with number of cycles prescribed. Risk associated with 12 or more cycles was significantly elevated for validated invasive cancers. In contrast, we observed no increased risk for in situ breast cancers, providing little support for the notion (26) of closer surveillance of treated women-as has been suggested for the association of fertility drugs with borderline ovarian cancers (27) (28) (29) .
We considered whether the increased risks among women with multiple clomiphene cycles might reflect either the indications for usage or a propensity for these subjects to remain nulligravid, but saw no interaction according to causes of infertility or gravidity, nor were the risks confounded by reproductive parameters. It is, however, possible that women with the heaviest drug exposures were also those with resistant infertility, a notion receiving some support given that women with later ages at first exposure were at highest risks. Chance can also not be entirely dismissed given the multiple comparisons undertaken. Nonetheless, some attention may be warranted about the possibility that the increased risk reflects clomiphene's ability to substantially increase endogenous estrogen levels and for these elevations to persist (3) . Clomiphene also effectively stimulates ovulation, but whether such a mechanism would be independent of increased estradiol levels is unclear. Although the period of treatment of most women was relatively short, even with multiple cycles, the increased risk is consistent with another hormonal exposure of short duration, namely diethylstilbestrol given during pregnancy, which has been related to significant increases in breast cancer risk many years after initial exposure (30) . We had less opportunity to evaluate the effects on breast cancer risk of gonadotropins, which are increasingly being used for in vitro fertilization (IVF). Although we noted no overall increased breast cancer risk associated with this exposure, we did detect some increases associated with usage among women who remained nulligravid-a relationship seen in one other study (6) . A similar subgroup association has been noted for ovarian (27, 31, 32) cancers, with suggestions that such patients have either resistant types of infertility linked with higher cancer risks, genetic predispositions to both infertility and cancer, or higher drug exposures. Given that the majority of our women who received gonadotropins also received clomiphene, it is likely that the increased risk among nulligravid women reflects an effect on risk of their infertility rather than that of drug usage.
Previous studies have suggested that fertility drugs may have preferential effects among certain subgroups of users, including women with a family history of breast cancer (17) or those who are exposed at either younger (8) or older ages (24) . Our study found no drug interactions according to a family history, but did demonstrate slightly higher clomiphene risks for those with later ages at first infertility evaluations. Although a number of tumor characteristics are recognized as important in defining etiologic subsets of breast cancer (33) , with limited data we did not detect substantial differences in fertility drug associations for hormone receptor positive versus negative tumors. However, given that other exogenous hormones, including menopausal hormones, have been shown to preferentially affect estrogen receptor positive tumors (34) , this issue deserves future attention.
Although our study had a number of strengths, it also had some limitations. Most notably, the precision of some of our derived risks, particularly within subgroups, was limited, requiring cautious interpretation. Furthermore, we had constraints on contacting some women who did not wish continued study participation, which could have affected the generalizability of our results (however, our loss to follow-up rate of 7.7% was quite low given the observation time). Although we had substantially longer follow-up than in our previous analyses, our subjects were still relatively young (average age of patients with breast cancer of 52.7 years). We were also dependent on assessing fertility drug exposures only as recorded in records from our study hospitals and some patients may have sought fertility advice elsewhere. However, patient reports of subsequent treatment were rare (most likely reflecting the relative paucity of specialists from which treatment could be obtained during the period of our study) and adjustment for such reports did not substantially affect the risk estimates based on recorded exposure information. Finally, we did not have information on potential confounders for all women, although we found little evidence of confounding on the basis of available risk factors.
In summary, in this large study of women treated for infertility, we found generally reassuring results about the long-term effects on breast cancer risk of ovulation-stimulating drugs. Gonadotropins were unrelated to risk, except in nulligravid women, most likely reflecting indications for usage. For clomiphene, we found evidence of statistically increased risks among the relatively small group whose drug exposures far exceeded current practices. Continued monitoring of the long-term effects of these drugs seems warranted, especially given that our study participants were still relatively young (and had not yet reached their peak incidence for breast cancer) and that ovulation-stimulating drugs, including gonadotropins-potent ovulation stimulators (40)-are increasingly being used in infertility treatment protocols.
